Abstract. The literature regarding freshwater and marine exchanges of organic matter (OM) focuses predominantly on the unidirectional delivery of allochthonous and autochthonous material from freshwater to the marine environment. Another ecologically significant exchange occurs when anadromous organisms move into coastal and interior watersheds and bring marine-accrued OM and its incorporated marine-derived nutrients (MDN). We use the example of Pacific salmon streams to discuss bidirectional transfers of OM in the upstream and downstream directions with specific reference to the role of flocculation. A fish-floc feedback loop has recently been presented as a mechanism that allows transfer of salmon OM to the gravel-bed matrix in the form of flocs. In the proposed fish-floc feedback loop, the OM source is salmon, but the OM source will change with fish species. Once fish-based flocs enter the gravel bed they can be stored or used by benthic organisms. A salmon disturbance regime that includes redistribution of gravel, fine sediment, and biofilm during redd construction and release of salmon OM to the stream is integral to the fish-floc feedback loop because it provides the inorganic fine sediment and OM required for floc formation. The MDN subsidy provided by returning salmon is important for natal watershed functioning as illustrated by a conceptual OM feedback loop that links these freshwater and marine exchanges. Retention of floc-bound OM in the gravel bed afforded by settling flocs allows slower downstream transfer of nutrients en route to the ocean and a correspondingly increased period for uptake in food webs downstream.
Freshwater and Marine Organic Matter Linkages
Organic matter (OM) transport and particle transformation dynamics in freshwater systems are typically discussed as processes that proceed unidirectionally with stream flow. Energy and OM inputs and their storage and use by stream biota are largely regulated by the downstream flow of water (Vannote et al. 1980) . OM sources include autochthonous material generated within the stream, such as periphyton, and allochthonous material generated outside the stream, such as leaf litter and terrestrial invertebrates from the riparian zone (Bilby and Bisson 1992) . Allochthonous OM contributions also can originate from outside the watershed as in the case of anadromous fish returning from the marine environment to spawn. Anadromous fish species, such as Pacific salmon (Oncorhynchus spp.), alewives (Alosa pseudoharengus), and Atlantic salmon (Salmo salar) link marine and freshwater systems by upstream transfers of OM during migration. These fishes can deliver substantial quantities of marine-accrued OM and associated marine-derived nutrients (MDN) through metabolic waste while they are spawning and from their post-spawning carcasses if they die and remain in the stream (Naiman et al. 2002 , Jonsson and Jonsson 2003 , Walters et al. 2009 ). Bidirectional transport of OM between marine and freshwater systems is presented here using the example of Pacific salmon, but a more general OM transfer framework that emphasizes the role of flocculation is also discussed and can reasonably be expected to occur in other watersheds receiving other types of marine OM inputs (e.g., Atlantic alewifebearing watersheds).
Transport and Storage of OM in Aquatic Ecosystems
OM in freshwater systems can be characterized as coarse particulate, fine particulate, or dissolved (Cummins 1974) . The flux of these OM forms through rivers has been identified Gregory 1996, Wallace and Grubaugh 1996) , quantified (e.g., Minshall 1996, Wipfli and Baxter 2010) , and evaluated in the context of the productivity and energetics of aquatic food webs (Power and Dietrich 2002) attesting to their importance in normal river functioning. Shifts between forms of OM have received considerable attention, but relatively little attention has been paid to the interaction of OM with inorganic fine sediments (,63 mm) (Wotton 2007) . Particulate OM can move independently as individual particles or flocculate (aggregate) with inorganic sediments to form composite particles called flocs.
Flocs make up a significant portion of the suspended sediment load of most rivers and vary in their composition because the quantity of inorganic and the quantity and quality of OM inputs to the channel change over the seasons (Droppo et al. 1997, McConnachie and Petticrew 2006) . As such, they play an integral role in the delivery and storage of inorganic and organic matter through a watershed (Droppo 2001) . OM-based flocs form in the water column when particles collide with adequate frequency and force under favorable chemical and biological conditions (Kranck and Milligan 1988 , Kiorboe 2001 , McConnachie and Petticrew 2006 . Strong evidence exists that biological processes are the major influence for floc formation in freshwater systems (Droppo 2001 , Petticrew and Arocena 2003 , Wotton 2007 ).
In freshwater systems, extracellular polymeric substances (EPS) exuded by microbial organisms are instrumental in floc formation because EPS can bind OM and inorganic sediment together (Wotton 2004 (Wotton , 2005 (Wotton , 2011 . The organic microstructures of EPS produced by bacterial and algal cells provide protection, attachment, flotation, and aid their locomotion (Wotton 2004) and are thought to control floc formation and dissociation processes. EPS appears to assist in regulating the shape, size, and internal complexity of flocs by acting as bridges between inorganic particles and other components that make up floc structure (Droppo 2001) . All of these morphometric characteristics influence floc density and settling velocity, which in turn, influence the nature of suspended sediment transport because they regulate floc deposition on the stream bed and retention within the stream bed.
Influence of Floc Generation on OM Transport and Storage
Flocs can be generated by in-stream biophysical processes, or they can be delivered to the channel by terrestrial runoff. Flocs are larger than their component parts and, therefore, are more likely to be retained on the river's floodplain during high-water events because settling increases in low water velocities. Along the stream bed, sedimentation can be enhanced by reduced water flow in the streambed matrix that allows particle settling and interception at the sediment-water interface and trapping in intergravel pores.
Particle settling is regulated by ambient hydrologic conditions, such as stream discharge and fluid viscosity, and by the structure (size and shape), composition, and density of the suspended sediment. If shear velocities above the streambed surface exceed the settling velocity of the particle, it will be advected with the flow, but if the shear is less than the settling velocity of the particle, it will sink through the water column and be deposited on the stream bed. Localized velocity reductions can occur as a result of an increase in the hydraulic radius of a channel or a decrease in slope at transition locations, such as between riffle/run areas and pools or where braided channels widen (Knighton 1998) . Streambed topography and porosity also play a role in floc retention because elevated bedforms, such as dunes, enhance surface-water movement through porous materials (gravels or sands) (Bjornn and Reiser 1991, Tonina and Buffington 2009) . Water can be influent at the crest of these dune-like features and effluent in the trough, where the water pressure is higher. These morphologically modified flow patterns, which include 780 E. L. PETTICREW ET AL.
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increased velocity across elevated streambed areas and decreased intergravel velocities (Tonina and Buffington 2007 ) enhance the opportunity for particle capture and retention. Flocs moving in the vicinity of the stream bed can be captured by benthic organisms and ingested, processed, and released as waste materials ranging from dissolved OM to fecal pellets (Wotton 2007) . The dissolved OM fraction is readily available for heterotrophic use (bacteria, fungi), whereas the fecal pellets are organic-inorganic aggregates that exhibit longerterm release of soluble nutrients or are subject to transport further downstream. Local flow conditions will regulate the entrainment of these pellets and other flocculated particles settled on the stream bed or retained within the gravel pores. Entrainment velocities generally are both lower and less variable within the gravel matrix, but high-energy events, such as floods and localized bioturbation (in this case salmon spawning) can mobilize the bed and resuspend these particles for transport downstream (Petticrew and Albers 2010) . OM flocs or aggregates that have settled on the surface of the channel are more easily mobilized because flow environments are more variable at the gravel-water interface than within the gravel. Therefore, entrainment velocities are more often exceeded at the sediment-water interface. If the flocs become laminated or cohesive, the energy required to resuspend them increases and in-stream retention times become longer (Morales et al. 2007 ).
The retention time of flocs on or in the stream bed will affect their dissociation rate and, thereby, the availability of floc-based OM and nutrients to stream biota (Rex and Petticrew 2008) . Microbial digestion of floc-bound OM will release nutrients back to the interstitial and surface water as dissolved OM available for further foodweb use (Rex and Petticrew 2010) . At the same time, the breakdown of coarse particulate OM to fine particulate OM will proceed along the stream length and provide more source material for water-column flocculation. As more EPS is created by decomposing microbes, more flocs can be generated, leading to the increased likelihood of settling or capture further downstream. This floc formation, degradation, and formation process retards the downstream transport of nutrients, enhances biotic uptake, and influences the patch dynamics and nutrient spiraling in streams. Nutrient spiraling and patch dynamics have been identified in the literature (Newbold et al. 1982 , Winemiller et al. 2010 , but the role of flocculation in modifying the spatial and temporal transport of OM and nutrients downstream has not been clarified or incorporated into that conceptual framework.
Ecosystem Linkages and Effects of Upstream MDN Delivery
Each year, millions of anadromous Pacific salmon return from the ocean to their natal freshwater streams to spawn and die (Quinn 2005) . Salmon biomass accumulated at sea is transported to upstream freshwater spawning grounds (Naiman et al. 2002) . Out-migration of juvenile salmon subsequently exports nutrients back to the marine environment. In some years, this export exceeds what was returned (Scheuerell et al. 2005) . Marine-to-freshwater nutrient fluxes and linkages such as this one are increasingly being seen as a crucial component of ecosystem health (Vanni 2002 , Lamberti et al. 2010 because they can represent a significant nutrient subsidy to receiving watersheds (Wipfli and Baxter 2010) . In other environments, such as the Canadian Arctic, transfers of nutrients to lakes via bird droppings (Michelutti et al. 2009 ) and historical harvesting of whales (Douglas et al. 2004 ) have been identified as pathways for freshwater nutrient subsidies.
Spawning salmon enrich aquatic systems through direct consumption pathways (Wipfli et al. 1998 ) and indirect trophic pathways (Bilby et al. 1996) . Nowlin et al. (2008) reported that nutrient pulses travel more quickly through aquatic systems than through terrestrial systems. This result suggests that yearly variability in salmon numbers can strongly affect MDN retention in salmon-spawning stream ecosystems. Large gaps remain in our understanding of the mechanisms by which MDN cycle through their natal streams (Janetski et al. 2009 ) and of how to quantify their overall effect on aquatic productivity. For example, out-migrating salmon smolts, which export nutrients from freshwater systems on their way to the ocean, may overestimate the positive ecological effect of returning salmon in the MDN cycle (Moore and Schindler 2004) . Characterizing the biophysical components (e.g., floc formation, OM retention) of the spawning life stage is a crucial step toward resolving these knowledge gaps. In Fig. 1 , we present a conceptual diagram incorporating some of the important biological and biophysical factors regulating the movement of OM and nutrients between marine and freshwater systems in the context of Pacific salmon streams. The importance of the salmon disturbance regime in moderating the transfers of MDN in freshwater systems is emphasized.
Although generally beneficial to stream ecosystems, OM and MDN subsidies to freshwater systems also can provide a vector for marine-derived contaminants. For example, returning salmon were the dominant source of PCB contamination in lakes of some Alaskan and British Columbian watersheds (Krummel et al. 2005) .
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Furthermore, Blais et al. (2007) stressed that biovectors, such as migratory salmon and sea birds, can focus the delivery of toxins accumulated at sea to discrete locations during their migration. This targeted delivery can have significant environmental implications even though the quantity delivered is small in comparison to contaminants delivered by physical processes, such as oceanic currents or wind. Once these contaminants are in-stream, flocculation will play a significant role in their transport and retention because flocs are prominent sites of contaminant adsorption and transformation (Droppo et al. 1997 ).
Pathways and Implications of Downstream Transfers of MDN
The temporal overlap of sediment disturbance (via redd construction) and stream fertilization (via carcass decay) from salmon yields a disturbance regime (Moore and Schindler 2008) that structures the biological ability of a stream to process salmon nutrients (Fig. 1) . Rex and Petticrew (2008) observed delivery and retention of MDN to and within the gravel bed in a flume study that simulated the conditions of this temporal overlap of bed disturbance and stream fertilization, here termed the salmon disturbance regime (Albers 2010). Flocs formed in the water column in the presence of salmon OM and fine suspended inorganic sediment concentrations that were similar to those of a field-monitored salmon disturbance regime (McConnachie and Petticrew 2006) . Once formed, flocs settled on the flume's gravel bed within 30 m of the site of formation and enriched it with bound MDNs. An elevated N signal was observed in the gravels 7-14 d after floc sequestration to the bed (Rex and Petticrew 2010) . This delivery process was termed the salmon-floc feedback loop because it relies on the return of adult salmon, subsequent redd construction related to the suspension of fine sediment, and carcass decay products to generate flocs, which are then stored in the gravels (Fig. 1 ) (Rex and Petticrew 2008) . Arkinstall (2005) concluded from results of a laboratory study that OM from salmon decay generated significantly larger flocs and more floc biomass than equivalent amounts of OM from allochthonous stream samples. These results indicate that salmon OM is of higher quality for floc generation and thereby suggests that the salmon-floc feedback loop is the dominant mechanism for transfer of high-quality OM to the stream bed. Epilithic biofilms can influence the effectiveness of MDN transfers to the stream bed from salmon-OMbased flocs. Biofilm EPS interact with floc EPS to enhance deposition and trapping capacity (Romani and Sabater 2000) . Consequently, a reduced biofilm layer during redd construction has a diminished capacity to trap flocculated particles, whereas postspawning increases in biofilm abundance provide ideal conditions for MDN use by benthic organisms (Albers 2010). The net effect of this salmon disturbance regime will ultimately determine the biological effect of MDN transfers because epilithic biofilms are one of the main processors of OM in lotic ecosystems (Romani and Sabater 2000) .
Coastal nutrient-limited streams that receive inputs of MDN generally experience an increase in primary and secondary productivity (Bilby et al. 1996 , Quinn 2005 . This trend also seems to hold true for interior streams, but these watersheds are much less well studied and possess different characteristics (Johnston et al. 2004 , Albers 2010 . OM in post-spawning salmon carcasses can be consumed directly by aquatic invertebrates and fish (Bilby et al. 1996, Minakawa and Gara 1999) , or their MDN can be taken up by benthic biofilms (Yoder et al. 2006 , Chaloner et al. 2007 or can enter the stream bed Petticrew 2008, 2010) . Verspoor et al. (2011) speculated that the MDN pulse delivered through returning salmon may extend over periods of a season to years because of the interaction of ecosystem components (e.g., leaf litter, which then supports invertebrates). Regardless of the initial or final transfer pathway for salmon OM, the annual nutrient pulse spawning salmon provide will be felt at all trophic levels because grazers that consume basal components of the food web (flocs and biofilms) transfer increases in productivity to higher trophic levels (Bilby et al. 1996 , Verspoor et al. 2011 . These transfers of MDN have a positive effect on juvenile salmon growth and survivorship (Wipfli et al. 1999 , Wipfli and Baxter 2010 , which suggests a positive feedback loop such that fewer salmon returning to their natal streams will result in a downward spiral of declining salmon populations in a process known as cultural oligotrophication (Fig. 1 ) (Stockner et al. 2000 , Scheuerell et al. 2005 . Because of the reliance of aquatic and terrestrial biota on returning salmon nutrients in these watersheds, a decline in spawning salmon populations will have a serious negative effect on the health of these systems.
Conclusion
The temporal and spatial patterns of OM transfers associated with in-stream flocculation play a role in regulating the OM flux from freshwater to the marine environment. At the same time, the magnitude and period of in-stream OM retention and, therefore, uptake within the food web ultimately influence the future abundance of salmon (and thus, MDNs) returning to the watershed. These bidirectional transfers of anadromous fish nutrients, such as that of migrating Pacific salmon, illustrate the importance of sediment-mediated feedback loops within freshwater systems. Biophysical processes, such as flocculation, sedimentation, biofilm-mediated transfer, or storage in and on the stream bed, and the subsequent potential for hyporheic transport and storage influence OM transfers in freshwater systems whether the OM is from anadromous sources or other subsidies. Sediment acts as the inorganic component for floc formation while floc retention retards the downstream transfer of nutrients, at least temporarily, and allows benthic processing. Biofilms serve as a significant storage and processing point of OM within the aquatic ecosystem. These contributions to freshwater productivity play a crucial role in the spatial and temporal distribution and the regulation of future magnitudes of OM transfers between the marine and freshwater environments. We have highlighted the contribution of flocculation to bidirectional salmon OM transfers. However, longer-term processes, such as the decay of large woody debris (LWD), also are important sources of in-stream OM contributions in rivers. In addition, floc capture and retention in LWDcreated pools and debris dams can lead to longer riverine retention times for sediment-associated nutrients and contaminants.
We illustrated the significance of OM exchanges between marine and freshwater ecosystems with examples of species transfer that were focused specifically on salmon but also referred to other fish, birds, and whales. These examples of freshwatermarine transfers of nutrients underscore the need to 2011] BRIDGES 783 consider both upstream-freshwater and open-ocean processes and their linkages. However, investigations of these transfers have been focused most often on interactions at the marine-freshwater interface in the estuarine environment, thereby spatially limiting the area of interest. Only the case of salmon streams was presented here in detail, but evaluating OM transfers by other species that link marine and freshwater systems will provide valuable information on ecosystem functioning that can be used to enhance both watershed and marine managment.
